The Wyoming Cloud Lidar (WCL), a compact two-channel elastic lidar, was designed to obtain cloud measurements together with the Wyoming Cloud Radar (WCR) on the University of Wyoming King Air and the National Science Foundation/National Center of Atmospheric Research C-130 aircraft. The WCL has been deployed in four field projects under a variety of atmospheric and cloud conditions during the last two years. Throughout these campaigns, it has exhibited the needed reliability for turnkey operation from aircraft. We provide here an overview of the instrument and examples to illustrate the measurements capability of the WCL. Although the WCL as a standalone instrument can provide unique measurements for cloud and boundary layer aerosol studies, the synergy of WCL and WCR measurements coupled with in situ sampling from an aircraft provide a significant step forward in our ability to observe and understand cloud microphysical property evolution. 
Introduction
Clouds couple the Earth's water and energy cycles and are an important component of our climate system [1] . Estimates of global warming due to doubled CO 2 range from 1.3 K to 5.4 K across General Circulation Models (GCMs) [2] . This large range can be attributed to differences in cloud parameterizations from different GCMs due in part to our limited understanding of clouds [3, 4] . Improving our understanding of cloud microphysical processes and dynamics is regarded as a high priority in current weather and climate research [5] [6] [7] [8] .
Airborne cloud observations have always played an important role in advancing our understanding of cloud microphysics and dynamics and will continue to do so in the future. Compared with ground-and space-based remote sensing, current in situ sampling can provide a variety of direct measurements including traditional meteorological parameters, comprehensive cloud properties, aerosol physical and chemical properties, and atmospheric trace gases. However, these detailed measurements are only available along the flight path of the aircraft, typically at a single altitude. For many physical process studies, vertical profiles are needed. To study the development of drizzle in marine stratocumulus clouds it is ideal to have the vertical profiles of liquid water content, effective radius of water droplets, drizzle size, and their horizontal variability. Airborne in situ sampling is also severely limited by small sample volumes. For example, in situ cloud probes only have sampling volumes ranging from ~40 to ~10 4 cm 3 s −1 for large to small hydrometeors, respectively. These small sample volumes make it difficult to study atmospheric properties with strong spatial inhomogeneities or to detect early onset of precipitation particles in clouds.
Although not as detailed (such as cloud droplet size distribution) as in situ sampling, airborne remote sensing provides a set of measurements that can be obtained neither through in situ techniques nor through ground-based remote sensors. Airborne vertical profiling capabilities are mainly provided by active sensors, such as lidar and radar. Airborne radars provide measurements of cloud, precipitation, and cloud scale dynamics [9] [10] [11] , and have proved invaluable for gaining insights of mechanisms within convective cloud systems and hurricanes [12] , marine Sc clouds [13, 14] , and cumulus clouds [15] . Lidars operate at a much shorter wavelength than radars and have capabilities to measure clouds [16] , aerosol, trace gases [17] , and wind [18] . Airborne passive sensors are also widely used in field campaigns, and although they can be used to retrieve temperature and water vapor profiles, these profiles are limited to coarse vertical resolutions. Due to the motion of the aircraft, airborne remote sensors are capable of providing 2-D and 3-D measurements.
The integration of airborne in situ sampling and remote sensing provides new observational capabilities to study atmospheric processes. For example, 2-D cross-sections of cloud microphysical properties retrieved from active remote sensor measurements provide a context to understand detailed in situ cloud measurements. The integration of in situ and remote sensing can be achieved with one or more aircraft in a field campaign. The NASA Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE, http://www.espo.nasa.gov/crystalface/) in 2002 is a great example of multiple-aircraft synergy. With two dedicated remote sensing aircraft, two additional aircraft focused on in situ measurements, and carefully coordinated flights, CRYSTAL-FACE provided a comprehensive data set to study convectively generated anvil clouds. However, such multiple-aircraft field campaigns are very expensive and require a high degree of coordination. Additionally, it is extremely difficult to collocate measurements from multiple aircraft in both space and time. Thus, integration of in situ sampling and remote sensors on a single aircraft provides an avenue that is important both from an economic and logistical point of view.
The University Wyoming King Air (UWKA) has been used to obtain in situ measurements in clouds for over 30 years. Beginning in 1992 and continuing throughout the 1990's, the group at the University of Wyoming worked to develop an integrated in situ/remote sensing platform for use in cloud studies [13] . The Wyoming Cloud Radar (WCR), an airborne 94 GHz cloud radar, continues to be a key instrument for cloud studies on both the UWKA and NSF/NCAR C130. Over the last 17 years the WCR evolved from an initial single beam sensor to simultaneously selectable multiple beam configurations to provide measurements of cloud structure and dynamics [15] . For example, the WCR can provide a profile both above and below the aircraft in a two-dimensional "curtain" that provides a context to analyze in situ detail microphysical measurements. However, WCR measurements only provide limited information on cloud microphysical properties, especially, for mixed-phase clouds or water clouds with drizzle.
Experiments utilizing ground-based observations [19] [20] [21] [22] [23] [24] have demonstrated the effectiveness of integrating lidar, radar and radiometer observations to better determine cloud microphysical properties. Wang and Sassen [21] showed that reliable ice water content (IWC) and general effective radius (D ge ) profiles can be retrieved from lidar and cloud radar measurements. Similar integrated observations are now available from airborne platforms, such as the high-altitude NASA ER-2 aircraft. The NASA A-train satellites combine active and passive sensor measurements to provide more reliable cloud properties globally [6, 25] . A multi-sensor cloud remote sensing capability from the UWKA will allow investigators to effectively combine vertical profiles of cloud properties together with detailed in situ data to better study cloud microphysical properties and processes. The Wyoming Cloud Lidar (WCL) is designed to achieve such a goal by providing high spatial resolution cloud base measurements from the UWKA, as well as cloud and aerosol extinction coefficient and depolarization profiles. Together with the existing cloud-scale dynamics observation capabilities of the WCR, combining WCR, WCL and in situ sampling from the UWKA will provide improved measurements for cloud microphysics and dynamics studies.
The These experiments demonstrated the value of the WCL for airborne cloud and aerosol measurements. This paper provides an overview of the WCL system and its capabilities. The WCL system description is given in Section 2. The WCL measurements capabilities and applications are illustrated with measurement examples in Section 3. And in Section 4 we provide a brief conclusion.
The WCL system specification
The WCL, a compact elastic lidar with depolarization measurements, is designed to work together with the WCR to provide more comprehensive cloud macrophysical and microphysical measurements from the UWKA and NSF/NCAR C-130 aircraft. Because of limitations on both space and power available on the UWKA the WCL cannot use a large telescope or high power laser typically used by lidars on larger aircraft. In order to use one of the existing upward fuselage ports for the WCL, a small telescope combined with a relatively high pulse-energy laser is used. This combination provides the needed sensitivity for cloud and aerosol measurements. System specifications are summarized in Table 1 . Combined analog and photon counting system from LICEL, GmbH
With the size, pulse energy and eye safety of the laser in mind, an Ultra Pulsed Nd:YAG Laser from the Big Sky Laser Technologies, Inc, providing a 20 Hz 16 mJ output at 355 nm, is used for the WCL. Operating at 355 nm not only makes it easy to achieve eye safe operation, it also provides a stronger molecular backscattering signal than a lidar operating at 532 or 1064 nm with the same laser energy. This is important for calibrating backscattering coefficients. The schematic diagram of the system is given in Fig. 1 . The laser beam is expanded 5 times to a diameter of 15 mm before emittance into atmosphere, making the system eye safe beyond a distance ~65 m. To improve lidar linear depolarization measurements, a 1/2 λ wave plate is placed after the beam expander and this is coupled with a cubic polarization beam splitter in the receiver path. The receiver is based on 75mm refractive lens with 12.5mm collimated beam that enters into the cubic polarization beam splitter. The field of view is controlled by a pin hole located at the focal plane of the receiving lens. The PMT packages include narrow band filters (0.3 nm), a focus lens, and a compact PMT. To provide needed ruggedness and stability for WCL to operate in a vibration environment, the receiver is designed to share the same optical bench with the transmitter. The gain of the PMT can be easily adjusted with bias control voltage. Signals from the PMTs are sent to the LICEL data acquisition system. The data system has a combined A/D and photon counting capability. To provide high spatial measurements, only strong signals digitized by A/D at 40 MHz are saved at single shot or averaging of number of shots. Thus, the WCL can provide measurements at ~4.5 m horizontal and 3.75 m vertical resolutions from the UWKA (average cruise speed of ~90 m/s). To effectively combine WCR and WCL measurements with in situ sampling, an important design goal of the WCL is to provide measurements as close to the aircraft as possible. However, near end strong lidar signals, especially in clouds, have potential to saturate the detectors. The WCL was designed with this tradeoff in mind. The resulting WCL overlap function, which was determined based on molecular signals collected above the boundary layer, during the ICE-L experiment is shown in Fig. 2 . The WCL has a full overlap at ~600m but still can provide measurements as close as 20 m from aircraft. Although the overlap function can be optimized to effectively minimize near end signals, near end signals can still saturate when the aircraft is flying through dense clouds. As examples presented in the following Section, the WCL can provide high signal-to-noise-ratio measurements of cloud and aerosol within 1-2 km of the aircraft. Averaging vertically and horizontally can improve the signal-to-noise-ratio when needed.
Applications

Cloud phase discrimination
Cloud water phase, liquid, ice or mixed-phase, is an important cloud property affecting cloud radiative forcing, and controlling cloud microphysical evolution. Multiple remote sensor cloud retrievals often require a priori knowledge of cloud phase to apply proper microphysical assumptions. In order to interpret in situ measurements of cloud properties at flight altitude it is critical to know the vertical cloud phase structure. For example, ice crystals grow much fast in mixed-phase clouds than in ice clouds. Lidar linear depolarization ratio (LDR) can be used effectively for cloud phase identification [26, 27] . An example of WCL measurements for cloud phase discrimination is given in Fig. 3 . Liquid or liquid-dominated mixed-phase regions are indicated by strong backscattering powers and small LDR. The ice phase cloud beneath the liquid dominated mixed-phase layer is indicated by weak power and large LDR. For this wave cloud, ice crystals are generated in the mixed-phase layer (lidar signals are dominated by supercooled water), then fall out of the layer as they grow big quickly under mixed-phase conditions. With this phase discrimination capability, we can see the ice evolution in this wave cloud. Phase discrimination relies on the facts that ice crystals return a high LDR and water droplets return low LDR. Two situations limit the effectiveness of using LDR to provide cloud phase profiles. The first is caused by strong multiple scattering in water clouds. Although liquid water clouds normally have very small LDR near cloud base, LDR linearly increases with height due to multiple scattering as shown in Fig. 3(c) . Under this situation, water phase can best be identified by combining the LDR profile, which is small near cloud base and increase with height from the base, with strong signal intensity. The second situation is caused by ice crystal orientation. Ice crystals normally produce high LDR, but horizontally orientated plates can produce very low LDR and strong backscattering. Therefore, to better identify cloud phase, LDR measurements need to be combined with lidar signal intensity as well as attenuation.
Most water clouds cannot be fully penetrated by the lidar, thus cloud top height is uncertain in this situation, such as during the period around 19:30:34 UTC. Figure 3 (c) presents an example (4-shot average) to show WCL noise level, which is around −18 dB during the ICE-L experiment. Considering molecular signal (as seen below 100 m) of −4 dB and cloud peak signal of 12 dB, signal-to-noise ratios of WCL signals for short-range cloud targets are good to provide cloud retrievals at high spatial resolutions.
Boundary layer aerosol measurements
Although the WCL is mainly designed for cloud measurements, it is sensitive enough for boundary layer aerosol measurements as well. Atmospheric aerosols are mainly concentrated in the atmospheric boundary layer and can strongly affect the atmospheric energy budget through both direct and indirect effects. Uncertainties due to aerosol forcing represent the single largest uncertainty in the forecast of climate change. Key to unraveling the mystery of aerosol direct effect is to better understand large spatial and temporal variations in both concentration and composition of aerosol. Airborne in situ and remotely sensed aerosol measurements provide data to understand these variations. Figure 4 presents an aerosol structure observed by the WCL within a strong inversion-topped marine boundary layer over the eastern edge of the South Pacific during the VOCALS campaign. The boundary layer aerosol is well mixed up to 300 m as indicated by attenuated backscattering coefficient. Sea salt aerosols under high relative humidity conditions exist as liquid particles and produce low depolarization. Figure 4 shows that aerosol backscattering decreases significantly within the top 100 m of the boundary layer due to entrainment mixing of dry and warm free tropospheric air with moister boundary layer air. With the decrease of relative humidity near the top of the boundary layer, the size of sea salt aerosol decreases. The narrow band of high depolarization aerosols around 400 m indicates the sea salt crystals have formed in a region where relative humidity drops below the recrystallization point. The thickening of the layer around 17:05:30 UTC indicates stronger entrainment processes in the region compared with nearby regions. These aerosol features suggest that high spatial resolution aerosol measurements from airborne active remote sensing can provide a new way to study mixing processes in inversion topped boundary layers. Although, the shallow marine boundary layer is well mixed, the backscattering signal indicates noticeable horizontal inhomogeneity. Aerosol activation as cloud condensation nuclei or ice nuclei is a necessary step for cloud formation. Figure 5 shows a WCL measurement example of both aerosol and cloud in a convective marine boundary layer. Clouds in Fig. 5 are shown in white and beneath the clouds aerosol "plumes" rising from lower levels are evident. Cloud base heights generally indicate local lifting condensation levels. The cloud base height variation given in Fig. 5 is suggestive of significant near surface water vapor inhomogeneity. The increase of aerosol backscattering intensity near cloud base is due to the hydroscopic growth of aerosols. The vertical profiles of aerosol and clouds together with aircraft in situ data provide a more powerful way to study the linkages of aerosol, water vapor, clouds, and dynamics to advance our understanding of cloud microphysical physics. 
Cloud optical and microphysical properties measurements
Cloud extinction coefficient can be retrieved from WCL measurements based on the backward solution of the lidar equation [28, 29] . The greatest challenge for cloud extinction retrieval is accounting for multiple scattering. The impact of multiple scattering on the lidar return signal mainly depends on the cloud extinction, droplet size, and receiver field-of-view [30] . Water clouds are typically optically thick with strong multiple scattering that effects the lidar signals as indicated in Fig. 3 . Due to the regular shape of water droplets, lidar multiple scattering in water clouds can be modeled relatively easily compared to ice clouds and thus can be corrected in several different ways. Based on airborne lidar measurements, Spinhirne et al. [31] demonstrated an approach to retrieve cloud extinction coefficient of stratus and Sc clouds in the presence of multiple scattering using an effective backscatter to extinction ratio. A recent study by Hu et al. [32] shows a robust relationship between LDR and multiple scattering contribution in water clouds, that can be used to correct multiple scattering effects for extinction retrievals. Compared to water clouds, ice clouds are optically thin reducing problems associated with multiple scattering, especially for short range measurements and small fields of view. For many ice clouds, the use of the total optical depth derived from the molecular signal above the cloud layer provides a constraint [33] to improve the retrievals. An example of retrieved ice cloud extinction profiles (based on 4-shot averaged measurements) for a cirrus generation cell is presented in Fig. 6(c) .
To fully characterize cloud radiative impact and to study cloud microphysical processes, it is important to determine profiles of cloud microphysical properties such as water content and hydrometeor size. Although cloud microphysical properties can be estimated from single instrument measurements, they can be retrieved with improved accuracy by combining multiple sensor measurements [20] [21] [22] [23] [24] [25] . Because the WCR (λ~3160 µm) and WCL (λ~0.355 µm) make measurements at such different wavelengths, their response to these microphysical cloud properties differs significantly. Combined WCL and WCR measurements can provide information about cloud particle size, beyond the sum of what each individual instrument provides. WCR radar reflective factor (Z e ) is proportional to the sixth power of particle Figure 6 (f) shows ice crystal number concentration as a function of ice crystal maximum length L from the 2D-C probe. A large horizontal variation of ice crystal size distribution at the flight altitude is clear from 2D-C measurements and is consistent with WCR and WCL retrievals. Although the 2D-C cannot provide IWC directly, IWC can be estimated from measured size distributions based on mass-length relationships and ice crystal shapes. Estimated IWC assuming mixtures of unrimed aggregate plates, bullets and columns [34] is presented in Fig. 6(g) . For comparison, WCR and WCL retrievals at ~100m above the flight altitude are also shown in Fig. 6(g) . Apparently, the two IWCs agree well, but there are periods with large differences. This can likely be attributed to the vertical spatial inhomogeneity of IWC as shown in Fig. 6(d) .
Conclusion
The WCL, a compact two-channel elastic lidar, has been successfully built to work together with the WCR on UWKA and NSF/NCAR C-130 aircraft. By using a compact laser operating at 355 nm and 16 mJ, the WCL can provide eye safe operation as well as needed sensitivities for cloud and aerosol measurements. The WCL has been deployed in four field projects under a variety of atmospheric and cloud conditions during the past two years. Throughout these campaigns, it has exhibited the needed reliability for turn-key operation from aircraft. Although, the WCL has no automatic bore sight mechanism, the WCL is stable enough to hold its alignment for an entire campaign due to the unique design in which the same optical bench is shared by the receiver and the transmitter. To provide effective synergy with in situ measurements, the WCL can provide near range measurements as close as 20 m.
WCL measurement examples are provided to illustrate the measurements capability of the instrument. WCL linear depolarization ratio measurements provide important information for cloud phase discrimination, especially when combined with backscattering intensity. Cloud extinction coefficient can also be retrieved from WCL measurements although one needs to properly account for multiple scattering effects in water clouds by using an effective backscatter to extinction ratio or LDR measurements. The WCL is sensitive enough to provide high spatial resolution measurements of boundary layer aerosols which in turn provides new opportunities for boundary layer process and cloud and aerosol studies.
New cloud observation capabilities can be achieved by combining WCR and WCL measurements. Due to their different sensitivities over the range of hydrometeors in clouds, combined WCR and WCL measurements can provide improved estimates of cloud microphysical properties. An example of a microphysical retrieval from an ice cloud is presented. For mixed-phase clouds and drizzling liquid water clouds, the WCR can provide ice particle or drizzle drop information while WCL measurements will be dominated by cloud water droplets. Combined, this allows a better characterization of these clouds. Furthermore, combined WCR and WCL measurements also can provide improved measurements of cloud boundaries. The synergy of WCL and WCR measurements with in situ sampling from an aircraft provide a unique set of measurements for compiling better statistics for comparisons between in situ and retrieved microphysical properties and an effective way to observe and understand the evolution of cloud microphysical properties.
